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YieldAbstract The effect of different oxygen feeding scenarios in a fixed bed reactor for the production
of Maleic anhydride (MA) is studied. Two reactor configurations were examined. In the first con-
figuration, a cross flow reactor (CFR) with 4 discrete feeding points is considered. Another config-
uration is the conventional packed-bed reactor (PBR) with a single feed. Nonlinear Model
Predictive Controller (NLMPC) was used as optimal controller to operate the CFR in dynamic
mode and to optimize the multiple feed dosages in order to enhance the MA yield. The simulation
results indicated that different combinations of the four feed ratios can operate the reactor at the
best value for the yield provided the first feeding point is kept as low as possible. For the packed
bed reactor configuration, a single oxygen feed is considered and is optimized transiently by
NLMPC. The simulation outcomes showed that the reactor performance in terms of the produced
MA mole fraction can also be enhanced to the same magnitude obtained by CFR configuration.
This improvement requires decreasing the oxygen ratio in the reactor single feed by 70%.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Maleic anhydride (MA) is widely used to produce other chem-
icals such as polyester resins, food additives and pharmaceuti-cals. The production capacity of MA is expected to increase
world-wide by 30% in 2020 compared to the year 2015
(Zhao, 2015). Approximately 70% of MA is produced by par-
tial oxidation of n-butane over VPO (vanadium phosphorus
oxide) catalysts; while the remaining is manufactured using
benzene as feedstock (Ballarini et al., 2006). The flammability
of butane in air limited MA yield to about 60% (Cruz-Lo´pez
et al., 2005) in both fixed-bed and fluidized bed reactors. To
improve the performance of n-butane oxidation reaction, dif-
ferent reactor configurations were developed and tested as
two-zone fluidized-bed reactor (Gascon et al., 2005; Rubio
et al., 2002), and membrane reactors (Mota et al., 2001;
Dalmon et al., 2007; Alonso et al., 2001, 2005; Malladacatalytic
Nomenclature
A cross sectional area (m2)
aij the stoichiometric coefficient for the ith species in
the jth reaction
Cp specific heat of gas (kJ/kg K)
Ci concentration of species i (mol/m
3)
D reactor/tube inside diameter (m)
dp particle diameter (m)
F total volumetric flow rate (m3/s)
mi molar flow rate of component i (mol/s)
mt total molar flow rate (mol/s)
P pressure (Pa)
R gas constant (kJ/K kmol)
Rj the rate of product formation (kmol/kg cat s)
r reactor/tube inside radius (m)
T temperature (K)
Tsalt salt temperature (K)
t time (s)
U overall heat transfer coefficient (kJ/m2 K s)
ug gas velocity (m/s)
w catalyst weight (kg)
yi mole fraction
z axial bed length (m)
Greek letters
e bed voidage
gj effectiveness factor
l gas viscosity (kg/m s)
q gas density (kg/m3)
qs catalyst density (kg cat/m
3)
2 E. Ali et al.et al., 2000a). However, none of these types of reactors were
used for MA synthesis at the industrial level.
In the traditional fixed-bed (tubular) reactors, all reactants
are fed to the reactor together at the reactor inlet, and the pro-
duct stream are drawn off the reactor at a single outlet point.
A new reactor configuration that has distributed inlet and/or a
distributed intake along the length of the reactor was proposed
by Westerterp et al. (1998). This reactor is known as a cross-
flow reactor (CFR); this configuration may enhance the reac-
tion in cases where the concentration of different reactants
has different levels, for example the gradual feeding of oxygen
may improve selectivity in partial-oxidation reactions
(Mallada et al., 2000b; TeHllez et al., 1999). Typically, the
location of various inlet and outlet points as well as the ratio
of the flow rates over these points will affect the reactor perfor-
mance. Moreover, when the kinetic orders of the desired and
undesired reactions are of different magnitude, the kinetics
of the desired and undesired reactions may produce either
higher or lower selectivity or yield of the target product.
Van de Vuss and Voetter (1961) have studied different sce-
narios of multiple injections of two reactants to maximize the
yield of the desirable product. The authors reported that stag-
ing one of the reactants gives the best results; nevertheless, this
could not be generalized. Reyes and coworkers (1993) reported
that, in oxidative coupling of methane, staging the dosing of
the oxygen reactant along the reactor length minimizes sec-
ondary oxidation reactions because the local pressures of O2
is reduced, hence a slight increase in maximum yield is
obtained. Lu et al. (1997a) developed a mathematical model
to simulate CFRs with six different feed policies. The authors
indicated that increasing reactor residence time improves the
desired product yield. Besides, it was found that optimizing
feed distribution gives slightly higher reaction yield than
uniformly-fed reactors when the same number of feed points
is used. In another work, Lu and coworkers (1997b) studied
the oxidative coupling of methane in a CFR with distributed
feed of oxygen and product removal. Their analysis results
showed that staging oxygen increases ethane yield provided
that the ratio of catalyst loading to initial methane flow rate
is high. It was also found that optimizing oxygen distributionPlease cite this article in press as: Ali, E. et al., Optimal oxygen feeding policy to ma
reactors. Journal of King Saud University – Engineering Sciences (2015), http://dx.dslightly improves reaction yield compared to evenly-distributed
configuration.
Hamel et al. (2003) theoretically analyzed the benefit of
staging one reactant over reactor wall. The numerical analysis
revealed that the fraction of the desired product could be
increased by reactant dosing provided that the orders of the
reactions satisfy certain requirements. The analysis showed
that desired product selectivity could be elevated via dosing
the reactant, which is strongly consumed by side reactions
inside the reactor, as well as increasing reactor residence time.
The optimal dosing profiles that were found by Hamel and
coworkers (2003) were confirmed using analytical and numer-
ical optimal control theories as described by Thomas et al.
(2004). The authors concluded that, for two-reaction system,
the ratio of the rate of the desired reaction to that of the unde-
sired reaction controls which reactant has to be dosed. They
also pointed a significant improvement in reactor performance
when 10 reactor segments or even less are used.
Alhumaizi and Abahussain (2007) compared ethylene epox-
idation in cross-flow and fixed-bed reactors. The investigation
showed that CFR outperforms the conventional fixed bed
reactor as long as that ethylene reactant is staged over the
length of the reactor. To this point, work dealing with malice
anhydride production using CFR is limited. Several authors
(Cruz-Lo´pez et al., 2005; Mota et al., 2001; Alonso et al.,
2001, 2005; Mallada et al., 2000a,b; Marin et al., 2010) studied
the production of MA in membrane reactors, which are usu-
ally described as CFR with infinite number of feed and sink
points. It is worth mentioning that membrane reactors have
not been industrially implemented yet (Fernandez et al.,
2010). Cross-flow reactor configuration was implemented by
SABIC to produce acetic acid from ethane (SABOXR reactor)
(Karim et al., 2000, 2003).
In our previous work (Al-haj Ali and Alhumaizi, 2014), the
production of MA in CFR was studied using a steady state
mathematical model. Two different numbers of feeding points,
namely 4 and 10, were simulated. Simulation results were com-
pared to the corresponding results obtained by conventional
packed bed reactor. It was found that using cross-flow reactor
increases the reaction yield by about 35%; however, increasingximize the production of Maleic anhydride in unsteady state fixed bed catalytic
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Optimal oxygen feeding policy for the production of Maleic anhydride 3the number of feeding points has minor effect on CFR perfor-
mance. Hence, there is potential for improving the reactor per-
formance through distributing the oxygen feed over the reactor
length. In this work we fix the feed points to 4 and seek to
optimize their dosages (feed ratio) via rigorous steady state
optimization and closed-loop dynamic simulation. Nonlinear
Model Predictive Controller (NLMPC) due to its optimality
features will be used as the feedback controller to achieve
the optimization objectives. Moreover, the optimal controller
will be implemented on both the cross-flow and conventional
packed-bed reactors to investigate the improvement of the pro-
cess performance.
2. Reactor model
In this work, the production of MA in CFR is investigated
using a mathematical model. This model is based on an
experimentally-validated packed-bed reactor model that was
used to simulate the CFR, so that it consists of 4-stage
packed-bed reactor cascade. For each segment, the boundary
conditions corresponding to the specific discrete dosing
approach and the series connection of the segments was
applied as shown in Fig. 1. The earlier study (Al-haj Ali and
Alhumaizi, 2014) showed that high number of stages has a
marginal effect on the overall performance. For 4-stage reactor
configuration, the equally-distributed feed ratio, i.e.
[1/4,1/4,1/4,1/4] provided the best reactor performance.
Therefore, in this work we focus our study on 4 stages and
examine the effect of different feeding schemes.
The partial oxidation reaction of n-butane to MA over
VPO catalyst is one of the most complex heterogeneously cat-
alyzed reactions practiced in industry. In this work, the trian-
gular reaction network is adopted. Detailed description of the
reaction mechanism and derivation of the dynamic modeling
equations can be found in Al-haj Ali and Alhumaizi (2014).
A summary of the modeling procedure is given here. The main
reaction is the partial oxidation of butane to form MA as pre-
sented in Eq. (1). Other two reactions are the deep oxidation of
butane and MA oxidation to form carbon dioxides, water and
different acids, Eqs. (2) and (3) respectively.
C4H10 þ 3:5O2!k1 C4H2O3 þ 4H2O ð1Þ
C4H10 þ 5:5O2!k3 2COþ 2CO2 þ 5H2O ð2Þ
C4H2O3 þO2!k2 4COþH2O ð3Þ
The reaction kinetics that accounts for reaction inhibition
effects by MA and butane are described below (Alonso
et al., 2001; Buchanan and Sundaresan, 1986):
r1 ¼ k1CBut
1þ K1CBut=CO2 þ K2CMA=CO2
ð4ÞN2, O2
C4
Segment I Segment II
O2
N2, O2
C4, MA,
CO
x
Figure 1 Cross flow reactor as n-st
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1þ K1CBut=CO2 þ K2CMA=CO2
ð5Þ
r3 ¼ k3CMA
1þ K1CBut=CO2 þ K2CMA=CO2
ð6Þ
with ki as the reaction rate constant, it is calculated based on a
normalized reference temperature of 653 K:
ki ¼ ki;653 exp Ea;i
R
1
T
 1
653
  
ð7Þ
Following the work of Al-haj Ali and Alhumaizi (2014), it is
possible to develop a single set of model equations that
describe the gas phase inside the reactor. The reactor tube is
packed with catalyst and immersed in a constant-
temperature stirred molten salt-bath for cooling. The reactor
is fed with a mixture of butane and air at about 450 K. Reactor
model is developed using the following assumptions:
1. The effects of radial and axial dispersion of heat and mass
are neglected. Thus, one-dimensional plug-flow model for
the fixed-bed reactor is adopted.
2. The diffusion resistance of catalyst particles is negligible.
Following the standard procedure of writing the continuity
equations around infinitesimal control volume, the mass,
energy and pressure balances can be developed. Under
unsteady state conditions, the mass conservation equation in
a more general form is as follows:
A
F
 @yi
@t
þ @yi
@z
¼ 1
mt

Xn
j¼1
aij  gj  Rj  qs  ð1 eÞ  A ð8Þ
The boundary conditions are:
yiðt; 0Þ ¼ yið0; zÞ ¼ yi;feed; i : O2; butaneðC4Þ; MA;CO2;
CO;N2; and H2O ð9Þ
The energy balance equation can be written as follows:
@T
@t
¼ 1
A
@
@z
ðFTÞ  qs
qCp
X3
j¼1
ð1 eÞRjgjðDHrxn;jÞ
þ 4
d
U
qCp
ðT TsaltÞ ð10Þ
The boundary conditions are:
Tðt; 0Þ ¼ Tð0; zÞ ¼ Tfeed ð11Þ
The pressure drop across the catalyst is considered at
pseudo-steady state and calculated with the Ergun equation:
@P
@z
¼ 150 ð1 eÞ
2
e3
l
d2p
ug þ 1:75 ð1 eÞe3
q
dp
u2g ð12Þ
The description of Rj as well as the various model parame-
ters and their corresponding numerical value can be found in
Al-haj Ali and Alhumaizi (2014). The numerical value of key
variables is listed in Table 1.Segment nN2, O2
C4, MA,
CO
x
O2
N2, O2
C4, MA,
CO
x
age packed-bed reactor cascade.
ximize the production of Maleic anhydride in unsteady state fixed bed catalytic
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Table 1 Model parameters and operating conditions.
Parameter Value Units
L 1.0 m
Tinlet 177 C
Tsalt 370 C
Ft (at normal conditions) 1.65 m
3/hr
P 1.6 atm
yC4,inlet 0.0175 –
yO2,inlet 0.21 –
yCO,inlet, yCO2,inlet, yMA,inlet 0 –
4 E. Ali et al.3. Feeding schemes
3.1. Optimal steady state CFR feed dosing
In the previous work, a set of different feeding ratios at fixed
locations along the reactor length were tested to optimize the
reactor performance in terms of a higher MA mole fraction.
Here the feeding point locations and their corresponding ratios
will be determined using rigorous optimization method. In
fact, the following objective function is formulated at steady
state operation mode:
max
m1 ;...;m4 ;l1 ;...;l3
yMAjðz¼LÞ ð13Þ
Subject to:
dx
dz
¼ fðxÞ; z ¼ 0; . . .L ð14Þ
m1 þm2 þm3 þm4 ¼ 1 ð15Þ
0:05 6 m1 6 1 ð16Þ
0 6 mi 6 1; fi ¼ 2; . . . 4g ð17Þ
0 6 li 6 1; fi ¼ 1; . . . 3g ð18Þ
l1 6 l2 6 l3 ð19Þ
where dx/dz is the model Eqs. (8)–(10) at steady state, i.e.
setting dx/dt = 0, mi denote the feed ratio and li the feed loca-
tion. Note that the first feed location is fixed at 0, i.e. at the
reactor entrance; and the minimum value for the first dosage
is set to 0.05 to ensure proper startup of the reaction. The cost
index of the optimization problem, i.e. yMA is the mole fraction
of MA at the reactor exit, e.g. when z= L. This can be
obtained by solving the ordinary differential equations
(ODE) describing the reactor model from z= 0 till z= L.
The cost index can be easily replaced by any other parameter
such as the yield, conversion, etc. Note that the optimization
problem is solved using typical MATLAB optimization rou-
tine, similarly, Eq. (12) (ODE) is solved using typical
MATLAB ODE solver. The ODE is solved repeatedly in each
optimization step.
3.2. Optimal control of CFR4
For the CFR configuration with four feeding points, a feed-
back optimal controller will be used to transiently optimize
the ratio of the feeds. In fact, Nonlinear Model PredictivePlease cite this article in press as: Ali, E. et al., Optimal oxygen feeding policy to ma
reactors. Journal of King Saud University – Engineering Sciences (2015), http://dx.dController is employed. The structure of the MPC version
developed by Ali and Zafiriou (1993) that utilizes directly the
nonlinear model for output prediction is used. A usual MPC
formulation solves the following on-line optimization problem:
min
DuðtkÞ;...;DuðtkþM1Þ
XP
i¼1
jjCðyðtkþi;LÞRðtkþiÞÞjj2þ
XM
i¼1
jjKDuðtkþi1Þjj2
ð20Þ
subject to
ATDUðtkÞ 6 b ð21Þ
The predicted output, y over the prediction horizon P
shown in Eq. (20) is obtained by the numerical integration of:
dx
dt
¼ fðx; u; tÞ ð22Þ
y ¼ gðxÞ ð23Þ
from tk up to tk+P where x and y represent the states and the
output of the model, respectively. In this case, Eq. (22)
represents the reactor model Eqs. (8)–(10) and y is the MA
mole fraction at z= L. The symbol ||.|| denotes the Euclidean
norm, k is the sampling instant, C and K are diagonal weight
matrices and R= [r(k + 1) . . . r(k + P)]T is a vector of the
desired output trajectory. DU (tk) = [Du (tk) . . .Du (tk+M1)]
T
is a vector of M future changes of the manipulated variable
vector u that are to be determined by the on-line optimization.
Here, the manipulated variables, u, are the feed ratios
(m1–m4).
The tuning parameters M and P are dented as the control
horizon and the prediction horizon, respectively. They are used
to adjust the speed of the response and hence to stabilize the
feedback behavior. The parameter C is usually used for
trade-offs between different controlled outputs. In our case,
C is set to 1 because only one controlled output will be exam-
ined. The input move suppression parameter, K, on the other
hand, is used to penalize different inputs, i.e. the feed ratios
in our specific case. Setting the elements of K to non-zero value
will reduce the changes in the feed ratio from one sampling
time to another, thus producing smoother feedback response.
The objective function (Eq. (20)) is solved on-line to determine
the optimum value of DU (tk). Only the current value of Du,
which is the first element of DU (tk), is implemented on the
plant. At the next sampling instant, the whole procedure is
repeated. A sampling time of 0.2 s will be used in the entire
simulations. Typically, MPC is used for online control, here
we simply implement MPC as an offline optimal controller
to obtain optimal trajectory for the feed ratio. In this work,
trial-and-error and experience based on general guidelines
available in the literature will be used to tune the MPC
parameters.
In this work, the controlled output, y will be represented by
the mole fraction of MA. The manipulated variables are ratio
of the four reactor feeds. The feed ratios are bounded as
follows:
m1 þm2 þm3 þm4 ¼ 1 ð24Þ
0:05 6 m1 6 1 ð25Þ
0 6 mi 6 1; i ¼ 2; . . . ; 4 ð26Þximize the production of Maleic anhydride in unsteady state fixed bed catalytic
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Figure 2 Steady state simulation of PBR configuration.
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Optimal oxygen feeding policy for the production of Maleic anhydride 5These bounds are lumped into the linear constraints Eq.
(21). Note that the lower bound of the first feed ratio is set
to 0.25 to ensure initiation of the reaction activity at the begin-
ning of the reactor. Another reason is to avoid unsuccessful
reactor operation due to overheating of the reactants as will
be discussed further later.
The dynamic model (8)–(10) is in the form of partial differ-
ential equations. The PDE is reduced to ODE via approximat-
ing the spatial differential equation using forward finite
difference,
@f
@z
ﬃ fðzþ DzÞ  fðzÞ
Dz
ð27Þ
The key point is how to select the Dz for stability and accu-
racy. It is found that dividing the tube length into 20 segments,
(Dz= 0.05) gives very good results but does not provide stable
results over a wide range for the reactor temperature. There-
fore, we have used Dz= 0.01 which provided excellent numer-
ical solutions, however it increases the computational load
substantially. It should be noted that the total resulted differ-
ential equation is 700.
The objective here is to utilize the optimality features of
NLMPC to optimize the feed ratios in order to maximize the
MA production. Maximization of MA can be achieved by set-
ting high arbitrary value for the set point.
3.3. Optimal control of PBR
The PBR reactor configuration can also be tested for optimal
operation. This means the oxygen feed can be forced to vary
with time in optimal fashion to maximize the MA production.
In fact, the optimization problem represented by Eqs. (20)–
(26) can be implemented for the PBR configuration. In this
case, the design parameter will be the reactor single feed rate.
In particular, the ratio of the oxygen molar rate in the single
feed to the nominal oxygen molar rate will be optimized by
NLMPC. This ratio will be constrained between 0.25 and 1.Figure 3 Steady state simulation for CFR4 case with feed ratios
of 0.25, 0.25, 0.25, 0.25.
4. Results and discussion
The earlier work confirmed that CFR outperforms PBR in
terms of higher MA yield and that uniformly distributed oxy-
gen feeds in CFR produced the highest MA yield. Here, we fix
the operating conditions such as the reactor length, bath tem-
perature and amount of catalyst used and focus our study on
the feeding policies. To highlight the main objective of the
reactor performance, we reproduce the earlier results (Al-haj
Ali and Alhumaizi, 2014). In fact, Fig. 2 shows the steady state
behavior of the reaction along the reactor length. The figure
demonstrates the profile of some key process variables when
the reactor is operating in the PBR model, i.e. the four feed
ratios are kept constant at [1,0,0,0]. It is obvious that the mole
fraction of the main product, Maleic anhydride, reaches a
maximum value of 0.014 at the reactor exit. On the other hand,
Fig. 3, depicts the reactor performance when operated in CFR
mode with equal feed ratios, i.e. [1/4,1/4,1/4,1/4] fed at each
quarter of the tube length. By inspecting Figs. 2 and 3, it is evi-
dent that the MA production is enhanced manifested by the
mole fraction increment from 0.014 to 0.018. The performance
improvement is attributed to the enhanced heat transfer. In
Fig. 3, the feed is reduced substantially in the first quarter ofPlease cite this article in press as: Ali, E. et al., Optimal oxygen feeding policy to ma
reactors. Journal of King Saud University – Engineering Sciences (2015), http://dx.dthe reactor, thus the gas mixture is heated up rapidly leading
to accelerated reaction evolution. This is evident as the MA
mole fraction reaches its maximum value in the first quarter.
4.1. Optimal steady state feeding policy
It is obvious from Fig. 3 that variation of the oxygen to butane
ratio along the reactor could affect the overall performance of
the reactor. The kinetics of the desired and undesired reactions
will result in either higher or lower selectivity or yield of the
desired product due to the variable oxygen concentration.
Therefore, it might be of potential to study the effect of the
feeding point location and their corresponding magnitude on
the MA yield. Here we fix the number of the feeding points
to 4 as our earlier study revealed that increasing the number
of feed points has marginal influence on MA yield. Thus, the
optimal feeding dosages for four fixed points is found by solv-
ing the objective function (13) setting l1 = 0.25, l2 = 0.5 and
l3 = 0.75. The result is listed in the first row of Table 2. The
maximum attainable mole fraction for MA is 0.02 with the
yield remains around 26%. Note that the obtained oxygenximize the production of Maleic anhydride in unsteady state fixed bed catalytic
oi.org/10.1016/j.jksues.2015.12.001
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Figure 4 CFR4 output at optimum steady state feeding
magnitude.
6 E. Ali et al.ratio in these four inlet points is different than evenly dis-
tributed ones utilized in Fig. 3. The corresponding reactor sim-
ulation at the obtained optimum values for the oxygen feed
ratio is shown in Fig. 4. Optimizing the feeding point locations
along with the magnitude is also given in Table 2. However,
this result is misleading because the maximum value for yMa
requires minimal value for the total molar rate which occurs
when the feeding points move to the reactor end. The values
shown in the second row of Table 2 were obtained only when
tight constraints are applied to l1, l2 and l3. More reliable
results can be obtained when the cost index in the optimization
problem is represented by the MA yield instead of its mole
fraction. The outcome of this case is given in Table 3. The lat-
ter shows that different value of the gas intake location and its
corresponding magnitude leads to the same reaction perfor-
mance. Nevertheless, the steady state optimization analysis
shown in Tables 2 and 3 indicate the maximum allowable value
of the MA mole fraction and yield is around 0.002% and 26%,
respectively. Moreover, the oxygen intake locations have no
effect. However, the ratio of the first oxygen intake should
be as small as 0.2.Table 2 Steady state optimization of MA mole fraction.
Max yMA
yMA Yield Conv m1
Fixed location 2 26.3 30.8 0.198
Varying location 2 25.8 30.3 0.254
Table 3 Steady state optimization of MA yield.
max Yield
yma yield conv m1
Fixed location 2 26.4 31 0.22
Varying location 2 26.7 31.3 0.196
Please cite this article in press as: Ali, E. et al., Optimal oxygen feeding policy to ma
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In this section, the oxygen ratio in the reactor four intakes is
optimized using optimal control. The location of the four
intakes will not be studied since the steady state analysis con-
firmed the ineffectiveness of these parameters. The idea is to
achieve possibly higher MA mole fraction (yield) than that
attained using uniformly distributed oxygen ratios as shown
in Fig. 3. The reactor is simulated in dynamic mode using
MPC algorithm described earlier. The first test examines the
ability of MPC to start the reactor from the PFR conditions,
i.e. oxygen ratio of [1,0,0,0] and move toward higher MA
mole fraction by manipulating the four feed ratios of the oxy-
gen intake. The nominal value for yMA at the PFR condition is
0.0014. The idea here is to allow the optimal controller to steer
the reactor operation into another operating condition for the
four feed ratio that maximizes yMA. To do so, the set point for
yMA is set to 0.0018. The latter is higher than the
nominal value in order to induce the optimal controller. The
MPC tuning parameter values are M= 1, P= 40, c= 1,
K= [4,4,4,4]. The simulation result is depicted in Fig. 5.
The controller managed to steer the MA mole fraction from
the initial value of 0.0014 to a final value of 0.0018. The corre-
sponding feed ratios are moved from the initial value of
[1,0,0,0] to a new value of [0.25,0.015,0,0.735]. The new val-
ues of the four feed ratios implies that running the reactor with
four feeding points enhance the reaction activity and hence the
production of Maleic Anhydride. The new value of the four
feed ratios is different than the evenly-distributed one which
indicates that different combination of the feed ratios can lead
to the same enhanced reaction performance. The resulted feed
ratios confirm the importance of the oxygen intake at the first
and last quarters and that the first feed should be reduced to
lowest possible value in order to improve the MA productions.
The feedback simulation is repeated but assuming the reac-
tor is operating at the CFR condition corresponding to equally
distributed feed ratio, i.e. [1/4,1/4,1/4,1/4]. The objective is
then to seek further improvement of the MA production by
optimizing the four feed ratios. The set point in this case is
raised to 0.02 in order to force the optimal control searches
for reactor operating condition with higher MA production
than that can be achieved by evenly-distributed feed ratios.
The simulation result is shown in Fig. 6. The MPC parameterm2 m3 m4 L1 L2 L3
0.184 0.075 0.544 0.25 0.5 0.75
0.16 0.05 0.54 0.464 0.623 0.8
m2 m3 m4 L1 L2 L3
0.204 0.0675 0.51 0.25 0.5 0.75
0.237 0.073 0.494 0.2 0.6 0.82
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Figure 5 Optimal CFR dynamic response starting from feed
ratio of [1,0, 0,0] yMA set point equal to 1.8  103; dotted line:
target value.
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Figure 6 Optimal CFR dynamic response starting from feed
ratio of [1/4,1/4,1/4,1/4], yMA set point equal to 2  103; dotted
line: target value.
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Optimal oxygen feeding policy for the production of Maleic anhydride 7values are the same as before. As illustrated by the simulation,
the optimal controller was able to find another set of values of
the ratios that increased the MA mole fraction from 0.0018 to
0.002 which leads to a minute increase in the yield. The final
value of the gas feed ratio is 0.19, 0.13, 0.05, 0.62. Once again,
lowering the oxygen intake in the initial three quarter of the
reactor length is the key point to enhance the reaction selectiv-
ity toward MA.
The promising results demonstrated in Fig. 6 are encourag-
ing to look for further reactor performance enhancement. For
this reason, the following test studies the possibility of achiev-
ing even higher MA mole fraction by changing the set point for
MA mole fraction to large values. Our simulation study
pointed out that no improvement in YMA beyond 0.002 can
be obtained. This finding coincides with the outcome of the
steady state optimization.Please cite this article in press as: Ali, E. et al., Optimal oxygen feeding policy to ma
reactors. Journal of King Saud University – Engineering Sciences (2015), http://dx.dThe previous tests reveal the possibility of maximizing the
MA production in PBR by optimally distributing the oxygen
feed along the reactor length. The common finding is lowering
the oxygen ratio at the first quarter of the reactor length as low
as possible. In some cases, reducing the oxygen intake over
longer reactor length is necessary. This is not only because
oxygen to butane ratio affects the reaction kinetics but also
alters the reactor thermal behavior. Smaller quantity of the
inlet gases (O2 + N2) allows for extra heating of the reactants
and thus fast ignition of the reaction activities. The key point is
the proper control of the reaction temperature. Therefore,
reducing the gas feed at the reactor entrance is another way
to stimulate the heat transfer operation and consequently the
reaction temperature.
4.3. Optimal dynamic feeding policy for PBR configuration
According to the earlier discussion, we can seek alternative
way to improve the reactor performance while keeping the
same operating conditions. For example, the reactor can be
operated under PBR mode with the single oxygen feed being
forced to vary. The previous static and dynamic investigation
indicated that the reactor performance can be enhanced by
merely minimizing the first oxygen feed ratio as the remaining
oxygen inlets are less important. This is because the heating
zone, the first few centimeters of the rector length, plays the
dominant role of the reaction activity and hence the MA pro-
duction rate. In this sense a variable single oxygen feed at the
reactor entrance may play a similar role. Therefore, in this sec-
tion we investigate optimizing a single oxygen inlet in dynamic
mode in order to maximize the MA yield. Fig. 7 illustrates the
reactor behavior when the controlled output is MA yield with
its corresponding set point as 26%. The NLMPC parameters
are M= 1, P= 40, and K= 0. In due course, the dynamic
response was aggressive but managed to achieve its goal. In
this situation, maintaining the yield at 26% demands decreas-
ing the oxygen ratio in the single feed by 70%.ximize the production of Maleic anhydride in unsteady state fixed bed catalytic
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8 E. Ali et al.5. Conclusions
In this paper, we continue our earlier work to optimize the
oxygen ratio in the reactor intakes in order to maximize the
production of Maleic anhydride in a fixed bed reactor. First,
the oxygen ratio of a CFR configuration with four feeding
points is optimized at steady state.
The steady state optimization results show maximization of
the MA mole fraction to 0.002 and the corresponding yield to
26%. The consequences indicated that the oxygen ratios in the
reactor feeds that enlarge the MA production are not unique.
Moreover, optimizing the location of these feeding points has
marginal effect on the overall reactor performance.
Secondly, NLMPC algorithm is used as an optimal con-
troller to optimize the feed ratios transiently. The simulation
outcomes indicated that in order to enhance the MA molar
production or its yield, the ratio of the first feed must be as
low as possible. Moreover, any combination of the ratio of
the remaining feeding points with the last being the highest
is sufficient to achieve the performance objective. Lastly,
implementation of the optimal controller (NLMPC) to the
PFR configuration is also investigated. It is found that the
performance of the PFR in terms of its MA yield can be
brought equal to that of CFR with staged oxygen distribution.
This is accomplished by cutting the oxygen ratio in the PFR
single feed down to 30% of its nominal value. Further
improvement beyond this point was not possible because
cutting down the oxygen ration to less than 30% in a single
feed structure will suppress the reaction activity along the
entire reactor length.
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